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Transition of the 1993 Version of the
Aeroprediction Code (AP93)

The AP93 code has recently been completed and is now
available for transition to requesting users. Users of the 1981
version of the code included approximately 60 DOD contractors, DOD
or other government agencies, universities and several foreign
countries. A small charge was incurred by the requester to
alleviate administrative costs of the transition. In an effort to
promote dual use technology between government and industry,
transition of the AP93 will be done free of charge to requesting
users. This includes either a 9 track tape or disk along with a
users guide. For DOD contractors or other government agencies, the
attached form must be filled out completely and signed by
appropriate authorities. For foreign countries or companies owned
by foreign countries, the request must go from the foreign embassy
to the U.S. Embassy for approval since the code is for limited
distribution. The U.S. Embassy will then forward the request to
the Office of Naval Technology for implementation at NSWCDD. Since
we are sending out a copy of the new code free of charge, we will
not be able to provide the level of consulting that we would like
to. However, we do request several things from the users. First,
if you find an error in the code, we would appreciate you bringing
it to either my attention at (703) 663-8141, to Mr. Tom Hymer at
(703) 663-4164, or to Dr. Roy McInville at (703) 663-4760.
Secondly, if you find areas of success or areas of weakness, we
would appreciate hearing from you. We use information such as this
to help guide any future modifications. Thirdly, if you find areas
where additional code capability would be desirable, again we would
like to hear from you. In all cases, a written letter is preferred
but a phone call is better than no communication at all. Also, if
you use the code for the purpose of comparing the results to other
computations within the external literature, we would like you to
use the terminology AP93. If you modify the AP93 to suit your own
needs you could refer to the code as modified AP93. Finally, we
request that you not send any copies of the code to other agencies
or even other activities in your company if it is at a different
location. Please refer them to us so that we can keep track of
copies of the code.

DR. FRANK MOORE
Dahlgren Division
Naval Surface Warfare Center
Dahlgren, VA 22448



AP93 Transition Request

NAME:

COMPANY NAME:

ADDRESS:

PHONE NUMBER:

GOVT CONTRACT NUMBER:

MEANS OF TRANSITION: 9 Track Tape - 5.25" Diskette
3.5" Diskette E-Mail

Please supply E-Mail address if
E-Mail is desired

We agree to not give a copy of the AP93 to any other agency. We
will refer them to NSWCDD at the address below for a copy.

Your Signature

Supervisor Signature

Please send this form completely filled out to:

Commander
Attn Dr. Frank Moore (G04)
Dahlgren Division
Naval Surface Warfare Center
Dahlgren, VA 22448

We will try to get you a copy of the AP93 along with a users guide
within a month.
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FOREWORD

The effort described in this report is the culmination of a three-and-half-year
effort to -upgrade the Naval Surface Warfare Center, Dahlgren Division (NSWCDD)
aeroprediction code (AP93) to meet the needs that have arisen over the past 10 years.
These needs included high Mach numbers, accurate nonlinear aerodynamics for low-
aspect ratio missile configurations, and improved base-drag prediction. This report
summarizes all the new technology developed and shows example comparisons of the
new AP93 code to the former 1981 version. A user's guide and program listing will be
included in Part II of this report, which will have a more limited distribution.

Other personnel who participated in this effort are Fred DeJarnette of North
Carolina State University, Frank Baltakis of Advanced Technology Associates, Floyd
Wilcox of the National Aeronautics and Space Administration/Langley Research
Center, and Mike Armistead , Steve Rowles, and Leroy Devan from NSWCDD.
Appreciation is expressed to each of these individuals for their roles, which have been
documented in previous technical reports.

The work described in this report was supported through the Office of Naval
Research (Dave Siegel) and, more specifically, the Surface-Launched Weapons
Technology Block Program managed at NSWCDD by Robin Staton. The authors
express their appreciation to these individuals for their support in this work.

Approved by:

DAVID S. MALYEVAC, Deputy Department Head
Weapons Systems Department
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ABSTRACT

A new and improved version of the Naval Surface Warfare Center, Dahigren
Division aeroprediction code (AP93) has been developed. The new code contains new
technology that allows planar aerodynamics of axisymmetric solid rocket-type
weapons to be computed with engineering accuracy over the entire Mach number
range and for angles of attack to 30 deg. New technology developed and included in
the AP93 includes

"* A new engineering method to compute aeroheating information at a
high Mach number

"* Extension of the second-order shock-expansion theory to include
real-gas effects, including several new pressure prediction tech-
niques

"* An improved body-alone nonlinear no:rmal-force method

"* New methods for computing nonlinear aerodynamics of wing alone,
wing body, and body wing due to angle of attack, and wing body due
to control deflection

"* A new base-drag database and improved empirical base-drag
estimation technique

Comparison of the AP93 code to the former aeroprediction code (AP81) and
experimental data on many configurations and test conditions showed the following:

• The AP93 code reduces the normal-force and center-of-pressure
errors of the AP81 code considerably for most configurations.

* The AP93 code is more robust in terms of accuracy over a broad
range of Mach numbers, angles of attack, and configuration
geometries.

* The AP93 code gave slightly improved axial-force coefficients on
average.

* Computational time and ease of use were about the same.

Comparison of the AP93 code to available computations of other state-of-the-art codes
shows the AP93 to be as good or superior to these codes for planar aerodynamics.

The new code and associated technology will be available for transition to
legitimate requesting users by September 1993 at no charge to the user.
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1.0 INTRODUCTION AND BACKGROUND

For the past 20 years, the Naval Surface Warfare Center, Dahlgren Division
tNSWCDD) has been involved in developing codes to calculate aerodynamics on
tactical weapons. These codes have attempted to meet the changing needs of the
Tactical Weapons Community and keep pac: with aerodynamic requirements. A
recent 2ffortl was undertaken to look at where we have been, where we are, and
where we need to go in the future with respect to aerodynamic codes. Ore of the
r:imary needs identified i, Reference 1 was an upgrade of the NSWCDD aero-
prediction code (APC) to allow Mach numbers up to 20 (including the effects of real
gases), irproveLý lift prediction with particular emphasis on low-aspect ratio lifting
surfaces, and improved base-drag prediction. All three of these efforts were under-
taken and have now been compleLed. In addition, other minor modifications to the
1981 version of the APC have been made, including options for boundary layer
transition and generating aerodynamic heat transfer coefficients. This report serves
as a summary theoretical document of the new APC; i.e., aeroprediction 1993 (AP93).
The new technology developed will be summarized, and the tchnology available in
the 1981 version of the APC; i.e., aeroprediction 1981 (AP81), that remains in the
AP93 will also be discussed. Finally, a new technology, a new nonlinear wing-body
interference factor for control deflections, until now not documented, will be
discussed in more detail. In addition, some other minor modifications to the new
nonlinear theory will be introduced.

The four former versions of APC were documented 2 -8 and transitioned to users
in 1972, 1974, 1977, and 1981. Each of these versions attempted to ineet the
requirements as seen by the tactical weapons community. The first version 2 was for
general-shaped bodies alone. It was the first such code known that combined a good
mix of accuracy in aerodynamic computations, ease of use and computational time. It
is believed that this mix led to the code's initial popularity and requests for additional
capability. In 1974,3,4 the code was extended to allow up to two sets of lifting surfa-es
in the computational process. In 1977,5,6 dynamic aerodynamic derivatives were
added to the code's capability. Finally, the last version of the code7 ,8 extended the
Mach number range up to eight and added high angle-of-attack capability for a
narrow range of configurations.

Over the past 10 years, the AP81 has been used to compile aerodynamics on
configurations at conditions where the accuracy is not good. This includes angles of
attack greater than about 15 deg on missiles with two sets of lifting surfaces and
Mach numbers greater than eight where real-gas effects become important in the
aerothermal environment Furthermore, the base-drag estimation, while including

1-1
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angle of attack and first-order fin effects, needed additional wind tunnel data for
more accurate computations. As a result of these known shortcomings, a desire to
still use the APC and the fact that there is no accurate engineering code available to
accomplish the objectives of angle of attack, Mach number, and base-,Arag prediction
capability, an effbrt was begun in 1990 to extend the APC to meet these require-
ments.

The extension of the code to hypersonic Mach numbers, including real-gas
effects, was completed and documented. 9 ,10 In the development of this new tech-
nology, three new pressure prediction methods were derived along with a method for
accurately estimating inviscid surface temperatures. The inviscid surface tempera-
tures were then used to develop an engineering method for boundary layer heating. 11

The new method thus provides engineering estimates of adiabatic wall temperature
and heat transfer coefficients for configurations flying at hypersonic Mach numbers
and at angle of attack.

New methods for nonlinear wing-alone, wing-body, and body-wing normal force
were recently developed. 12.t 3 In addition, an improved body-alone nonlinear normal
force prediction capability was developed. Improved center-of-pressure estimates
were added that gave improved pitching moments. The code's angle-of-attack range
is now 0 to 30 deg in the planar or ( =0) roll position.

Wind tunnel tests were conducted to measure base pressure as a function of
Mach number, angle of attack, fin thickness, fin location, and fin deflection. Using
this data, an improved empirical base-drag prediction methodology has been
developed. 14 .15

A new nonlinear method for wing-body interference due to control deflection
has recently been developed. This new technology, along with options for skin
friction drag computation, will be discussed in this report.

Thus, a summary of the new technology developed, a review of the technology
used in the AP81 that will remain in AP93, along with results and discussion on
several missile configurations will be given in this report. Where results of other
state-of-the-art aerodynamics codes are available, these results will also be presented
for comparison purposes. The second volume of this report, which has a limited
distribution statement, contains the computer code listing, along with guidelines on
how to use the code.

1-2



NSWCDD/TR-93!91

2.0 SUMMARY OF NEW METHODS IN AP93

2.1 HYPERSONIC MACH NUMBER METHODOLOGY

The hypersonic Mach number methodology, which in the AP93 is taken to be
M.2-6, is based on the use of the second-order shock-expansion theory (SOSET) with
inclusion of real-gas effects. The details of the new technology are reported in
Reference 9 and summarized in Reference 10. An even briefer summary follows.

SOSET defines the pressure at any point on a pointed body of revolution as

P=PC -(PC - P •e (1)

where rl is an exponential decay term given by

(-') (S-s• (2)

PC - P2

Refer to Figure 1 for the nomenclature.

MACH LINES

0 02M"

S DIRECTION

"0-X

FIGURE 1. FLOW ABOUT A FRUSTUM ELEMENT
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Here rl is positive. If conditions are such that Yl becomes negative, then
Equation 1 does not satisfy the boundary conditions ofp =pc as s ---i and therefore r)
must be defined by an equation different from Equation 2. A value of i = 0 causes the
SOSET to revert back to the generalized shock-expansion theory tGSET), a value of q
between j = 0 and rl = oo allows a blend of these two theories. To extend SOSET to real
gases requires several things: (1) a cone solution for real gases tpc!; (2) a Prandtl-
Meyer Expansion (PME) for real gases (p2); (3) a derivation of a new pressure
derivative (ap/as)2, where the perfect-gas assumption has not been made; and (4) a
way to compute temperature given values of pressure. After the real-gas pressure
derivative (api'3s) 2 was derived and checked, it was found that fi/p ýs•2 became
negative for many cases causing one to choose between the GSET (q=z0 and the
tangent cone theory (q=co). In comparisons of the pressure prediction to fulI Euler
computations, it was found that a better way to implement the shock expansion
theory for M Ž6 was to redefine Equation 1 as

P = PC - 1PC - P2) l,

with r~l being an input parameter chosen by the user. It was found that a value of
rl=O gave slightly better pressure predictions for slightly blunt configurations,
whereas a value of qr = 1 gave better accuracy where bluntness was large. The final
implementation of SOSET in AP93 is thus Equation 3 allowing qj as an input. Pc is
the real-gas tanget cone pressure, and P2 is the real-gas value of pressure computed
from a Prandtl-Meyer expansion.

To compute inviscid temperatures (and other properties) along the surface of a
pointed or blunt body, use is made of the constancy of entropy along the surface for
perfect, frozen, or equilibrium chemically reacting flows. Knowing the value of
entropy and pressure from the pointed cone solution of Reference 16 or the normal
shock solution of Reference 17 for a blunt body, one can then use the thermofit
equations of References 18 and 19 to determine other properties; i.e.,

T = Tip,Sj (4a)

p = P p,S) (4b)

a = a ýp.S) (4c)

e = ecp.S) (4d)

The remaining properties at the body surface can be found from standard thermo-
dynamic relationships; i.e.,

h = e+pp (5a)

H ( R )T= constant (5b)

2-2
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V=•2(H - h) (5c)
0

M = V/a (5d)

2
apY- a (5e)
p

Z=-2- {5fj
pRT

In the process of computing surface properties, three new pressuf,: prediction
methods were derived. The first of these was to give an improved pressure coefficient
prediction on the blunt nose of a missile configuration over that provided by the
modified Newtonian theory (MNT). If the pressure coefficient of MNT is defined as

( c) =C sin 26 (6)CpMNT P0  eq 6

then the new pressure on the blunt nose part of a missile is given by

CP= (C P)M - AC P 7,

ACp of Equation 7 is defined by

AC = kcosa(8 eq)[cos8eq - cos(8eq)rM! (8)

where (8 eq)m = 25.95 deg, m = 2.78, and

[05 1.124 1I12

k=2.416C +4.606 0.1507C
2 + - C

PO PO M 2  P

Figure 2 shows the results of the improved modified Newtonian theory (IMNT)
of Equations 7 and 8, compared to Equation 6 alone and a full numerical solution of
the Euler equations 20 for a hemispherical forebody at M,- = 10. The IMNT gives up to
7-percent improvement in pressure compared to the MNT. Even past the match point
(5 eq < 25.95 deg), the IMNT gives good agreement with the numerical solution down
to 8eq values of 10 deg. This level of accuracy in pressure prediction will also
translate into more accurate drag computations, particularly on bodies with large
bluntness.

2-3
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140i Pcrfccl (Corr.)

120 -j4, (UIc.)

100 - \ - NSWC/,WOL TR 75-45

80-T8 ... 1

C. 60 -'" ,

40 --

20 - -

90 80 70 50 50 40 30 20 10 0
6 EQ (deg.)

FIGURE 2. SURFACE PRESSURE DISTRIBUTION OVER
A HEMISPHERICAL FOREBODY AT Mý = 10

The other two pressure prediction formulas have to do with calculating the
pressure on a point behind the blunt nose portion of the body but at an angle of
attack. These are

C (OCd) = -p.=0 (2 -)sin(20)cos(4) + (Fcos20) (2 + (4/3 sin(20)cos((D))-3 (9)Cp

where

F-- (2- al(- tan 20)-(2+ •2 )sn 24

and

C (cP) C (2a)sin(2O)cos(at) (10)
p Po• =0 3

Equation 9 is used for pointed body configurations, as well as for blunt body
configurations in the windward plane area (60*<4-< 1800). Equation 10 is used in the
leeward plane (4b -600) for configurations with blunt noses. In Equation 9, (Cp)• = o is
the pressure coefficient at c =0, which comes from Equation 3. Figure 3 is an
example of the application of Equation 9 to a cone along with the associated inviscid
surface temperatures. The approximate results are close to the exact cone solution of
Reference 21.

2-4
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- EXACT COME SOLN (REF 38)
-,- ,.APPROXIMATE METHOD

30- - 6

p 20  TIT 4 T

p1p0 a = 10 deg

0 1 1 I I
0 30 60 90 120 150 180

FIGURE 3. PERFECT-GAS COMPARISON OF EXACT
AND APPROXIMATE CONE SOLUTIONS

Figure 4 presents the comparison of the present methodology for predicting
inviscid surface temperatures on a 20-percent blunt cone at x = 10 deg and M,- 15.
These results are compared to a full numerical solution of the Euler equations
(ZEUS)22 for both perfect and real gases. The real-gas temperatures are sub-
stantially lower than the perfect-gas results and also agree with the full Euler
solution except in the vicinity of the overexpansion region past the blunt tip.
Figure 4 uses most of the theory developed for the approximate methodology in
Equations 3 through 10, along with the assumptions used in computing temperature.

2.2 AEROHEATING

The AP93 output presents boundary layer heating information in the form of a
heat transfer rate, 4,; a heat transfer coefficient, H; and a recovery temperature
(adiabatic wall temperature), Taw, at each computational point. These variables are
related in the following manner.

H - (11)
T -T

aw w
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Tw is the wall temperature. For high-temperature flows, the heat transfer coefficient
is often expressed in terms of enthalpies.

4,, (12)
Hi h -h

aw w

At temperatures above about 1500 *R, this enthalpy formulation is the more
rigorously correct of the two. Within the code, all real-gas, high-temperature
computations are performed using the enthalpy as the basic variable; but to maintain
consistency with other codes in use at NSWCDD, the results are converted to the
temperature form for output. The heat transfer is normalized as shown in
Equations 11 and 12 because the coefficients H and HI remain fairly constant over a
wide range of wall temperatures, even though the actual heat transfer rate, 4w, may
vary significantly. Thus, since Taw and haw are not functions of wall temperature,
once a heating computation is performed for a given Mach number/altitude
combination, it need not be repeated simply because of changes in wall conditions.
This weak coupling greatly simplifies the problem of tracking the time-dependent
thermal response of a surface exposed to boundary layer heating. The aerodynamic
solution may be obtained first with a code such as AP93 and the results stored in
tabular form as functions of Mach number, altitude, and angle of attack. This
information can then be accessed by an independent algorithm to compute the time-
varying heat transfer rates and the resulting integrated surface temperature history
along any given trajectory that lies within the limits of the data matrix.

The AP93 user has the option, specified in the input file, of using either perfect-
or real-gas relations in the computation of the inviscid solution for the geometric
configuration and flight conditions of interest.9 In the former case, the familiar
analytical thermodynamic relations are employed to generate the necessary fluid
properties. In the latter instance, real-gas properties are determined by the use of a
series of curve fit relations. 18,19 This procedure is carried over into the routines that
compute the boundary layer heating. Some additional work is required to generate
the full complement of variables needed as input to this section of the code, and these
additions are described in full in Reference 11. The only departure from the use of
true inviscid surface conditions as boundary layer edge properties occurs in the case
of blunt bodies. The curvature of the detached bow shocks associated with these
configurations creates an entropy layer near the body surface. The inviscid solution
would give a uniform boundary layer edge entropy over the entire body equal to that
behind a normal shock at the free-stream Mach number, since this is the entropy
along the inviscid streamline that wets the body surface. In reality, because of the
finite thickness of the boundary layer, the true edge entropy is that which exists at
some point in the entropy layer located at a distance above the surface equal to the
local boundary layer thickness. This entropy value is determined by an iterative
mass balance technique as described in Reference 11.
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Once appropriate boundary layer edge conditions are determined, a series of
specialized analytical relations is used to determine the aerodynamic heating at
various locations. At the nose tip stagnation point, a simplified version of the Fay-
Riddell formula gives 23

S= 0.763PrO. Vo e (h _ ) (13)

The stagnation point velocity gradient, dVe/dx, is determined from the
Newtonian theory, assuming a spherical nose tip. At the nose tip, the flow will
always be laminar.

If control surfaces are present, the viscous heating along their leading edge
stagnation lines is determined by the Beckwith and Gallagher swept-cylinder
relations 24 modified to include real-gas effects. 25 For the laminar case,

4iw', = 0.57 Pr -6 V-Po% d-10V/ (h aw - hw) (cosA)Ll(4
dV

where A is the leading edge sweep angle and dVe/dx is the stagnation line velocity
gradient derived from Newtonian theory assuming, in this instance, a cylindrical
leading edge. For turbulent flow,

S 1. 04P 6 (p*P*)o0.8 du 0.2

w't (P) 0. (V PsinA) (--- e) (h - h W (15)

where VP is the flow velocity parallel to the leading edge stagnation line and the (*)
superscript denotes evaluation at a reference enthalpy given by 26

h*=0.5(h +h )+0.22(h -h (16)
w e aw e

The (e) subscript denotes evaluation at the boundary layer edge. The laminar
or turbulent status of the flow is determined by comparison of the Reynolds number,
based on the leading edge diameter, to user-specified upper and lower limits. If ReD is
below the lower limit, laminar values are used. If ReD is above the upper limit, fully
turbulent flow is assumed. For intermediate values of ReD, a linear combination of
laminar and turbulent values is output.

2-8



NSWCDD/TR-93/91

For points on the body, the Eckert reference enthalpy flat plate formulation is
used.2 7 For laminar flow,

p*V

= 0.332(Pr*) 0.67 e
R3e* (17)

N1

and for the turbulent case,

p'V
S 0 .667 e

.=0.185 (Pr) e 2(18)
S2.584

I 
t

NI and Nt are transformation factors that allow for the approximation of three-
dimensional (3-D) effects. They are equal to three and two, respectively. The lami-
nar or turbulent flow character is determined as before by comparing the local
Reynolds number, based on boundary layer running length, to user-specified upper
and lower limits.

Heating rates on the surfaces of wings, fins, or canards are determined by using
Equations 17 and 19, but in this case, N1 and Nt are both equal to one because of the
two-dimensional (2-D) nature of the flow. The degree of turbulence is determined in
the same manner as for the body.

Validation of the new heat transfer methodology was carried out in two steps.
The first involved comparing results for stagnation point and stagnation line flows
from AP93 with those from the MINIVER code, an approximate engineering design
tool that was developed to model primarily 2-D and axisymmetric configurations.
MINIVER handles these specialized situations quite well, providing a good check for
both heat transfer and inviscid boundary layer edge conditions. The latter
comparisons served as further validation of the real-gas model previously
incorporated into the AP93 code. These computations covered a range of Mach
numbers from 7.73 to 15. The results are detailed in Reference 11 and will not be
repeated here. In summary, agreement of all computer variables, including heat
transfer, was generally good with variations of well under 5 percent being typical.
Where larger differences occurred, the underlying reason was readily apparent, and
the AP93 results were concluded to be the better of the two. (A typical case in point
would be the use of curve fits in AP93 to determine Prandtl number and viscosity,
whereas MINIVER relies on constant Prandtl numbers and Sutherland's law for
viscosity. At high temperatures, the curve fits should be superior.)
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The second set of computations in the validation process was done for
spherically blunted cones at angle of attack. Results from two of these examples are
shown in Figures 5 and 6. In both instances, free-stream pressure and temperature
were 2.66 lb/ft2 and 89.971 'R, respectively, and the cone half angle was 15 deg. The
Mach number was 10.6, and the wall temperature was 540 'R. The results shown in
Figure 5 represent the heating rates along the symmetry line of a cone with nose
radius of 0.375 in. at 20-deg angle of attack. For comparison purposes, analytical
results are shown from Reference 28 that uses a more advanced engineering design
code involving complex streamline tracking methods and the axisymmetric analog
technique to model 3-D effects. Experimental data from Reference 29 are also shown,
along with results from the MINIVER code used in a tangent cone mode. AP93 and
MINIVER tend to underpredict the experimental data and the more sophisticated
computational results by 10 to 15 percent, a performance that is creditable
considering the simplified solution approach. Figures 6 and 7 show similar results
for a cone with a 1.1-in. nose radius at angles of attack of 5 and 10 deg. In this
instance, comparisons are shown from AEROHEAT, an engineering design code
similar to the one described and from a second approximate code 3O that uses more
sophisticated streamline tracking, as well as a more exact boundary layer
formulation. MINIVER results are also shown along with experimental data from
Reference 29. AP93 does well beyond about five nose radii downstream but tends to
overpredict heating rates near the nose tip. This discrepancy is believed to be caused
by the use of heating expressions that are based on flat plate theory and are thus
incapable of modeling the effects of the rapidly changing boundary layer edge
conditions in this region. The AP93 results are slightly better than those from
MINIVER because of the inclusion of variable entropy effects. AP93 has the added
advantage over MINIVER of being able to compute a more realistic 3-D distribution
of heating rates over the entire surface at angle of attack.

2.3 SKIN FRICTION DRAG

The AP81 uses Van Driest II for computing skin friction drag on both the body
and fins. The code assumes a critical Reynolds number (Rec), where the flow
transitions from laminar to turbulent of 1X106 on the body and 0.5X106 on the fins.
This methodology is described in Reference 2.

Two changes were made in the AP81 methodology. These changes both had to
do with the assumptions of that work. The AP81 methodology was associated with
typical flight conditions of vehicles manufactured with a certain level of surface
roughness and at zero angle of attack. Hence, when comparing the AP81 drag results
to those of wind tunnel data (which may or may not have a boundary layer trip) from
a smooth model, mixed results were obtained. As a result, three additional
alternatives are included for Re,. The first is associated with a boundary layer trip on
a wind tunnel model. In this case, a small value for Rec is assumed so that the
boundary layer is turbulent over the entire model. A second alternative is to assume
a high Rec so that laminar flow occurs over the entire model. A third alternative is
for the case of a wind tunnel model with no boundary layer trip. For that case, a Rec
of 4XI06 and 2X106, respectively, is assumed for the body and wing or tail.
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A second change introduced into AP9 3 is angle-of-attack effect on Rec. For both

the options where the boundary layer traosition is allowed to occur on the body or

lifting surface (flight or wind tunnel model with no trip), 0he Re¢ is assumed to vary

s previously 0 to a value small enough at

from tha tu lly turbulent flow occurs over the entire missile surface. This
,x =e0de o ihtfully tu rebiuslen flo iscurse at =0 e to

assumption occurs in a linear fashion with angle of attack from o(x0 deg

M -- 30 deg.

2.4 BASE DRAG

The APSI. estimated base drag using a composite of empirical data for the body

alone. Also, an approximation was made for the effect of angle-ofattack, fin location,

and fin thickness effects as a function of Mach number based on a limited amount of

a request was made to the National AeronauticE and Space
data. As a result, aruetasadtoheNASA/LRC) 

to perform additional

Administration at the Langley Research Center (NASAILC)to p e addito

wind tunnel tests, where additional base pressure measurements could be taken to

try and quantify the effects mentioned plus those due to control deflection.
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Floyd Wilcox, coauthor of References 14 and 15, was the chiei" engineer for the
tests that were conducted and reported in those references. Eighty-nine base
pressure taps were placed around a 7.2-caliber, 5-in. diameter body with a side-
mounted sting. These taps were placed every 22.5 deg in circumferential location and
at several radii from the body centroid toward the outer edge. The configuration
matrix of data taken is shown in Table 1. The base pressure measu:-,d at each of the
89 orifice locations was then averaged over its incremental base area to get the
average base pressure at each condition of Table 1. Based on these average base
pressure measurements at each test condition, changes in base pressure, and hence,
base drag because of a particular physical model change or flight condition change
could be readily computed by simply substracting the two data points.

TABLE 1. CONFIGURATION INDEX

tic lc B
Config

Fins (M.=2.0) (M Z-Ž2-51
Off 0.05 0.10 0.15 0.5 1.0 1.5 2.0 2.5 6 5 10 15 20

I X Sweep Sweep

2 X X X 0,5.10 0

3 X X X 0,5,10 0

4 X X X 0,5,10

5 X X X 0,5,10 0

6 X X X 0,5,10 0

7 X X X 0,5,10 0

8 X X X 0,5,10 0

9 X X X 0,5,10 0

10 X X X 0,5,10 0

11 X X X 0,5,10 0

12 X X X 0,5,10 0

13 X X X 0,5,10 0

14 X X X 0.5.10 0

15 X X X 0,5,10 0

16 X X X 0,5.10 Nodata

Using the process described, along with a wind tunnel database not available
when AP81 was developed, 3 1 a new empirical estimate of 1-ase pressure coefficient
(CP,) was derived. This new estimate is shown in Figure 8 and compared to the AP81
value of Cp,,. The two curves are similar, with the AP93 slightly higher than AP81
for M, <- 1.5 and slightly lower than AP81 for M,,-Ž3.0. Body-alone angle-of-attack
effects on base pressure are then estimated by

2-3 +.01F,
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Here, (Cp,•},,, .. comes from Figure 8 and F1, the increase due to angle of attack from
Figure 9a or 9b, depending on the Mach number. Boattail and power-on effects on
base drag are estimated as present in AP8I.

0.25 - _

0.2- AP81

AP93

° 0.15-

0.1

oCylindrical Afferbody

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Mach Number

FIGURE 8. MEAN BODY-ALONE BASE PRESSURE
COEFFICIENT USED IN AP81 AND AP93

At this point, it is worth noting that, while the databases of References 14, 15,
and 31 helped to improve the estimate of base pressure as a function of Mach number
and angle of attack for the body alone, additional data are still needed for x -Ž 15 deg
at all Mach numbers. This need is indicated by the dotted lines in Figures 9a and 9b,
which are extrapolations from data available for x:515 deg and engineering
judgment. This same statement will also be even more true for fin effects due to
control deflection and angle of attack, as will be discussed in the following para-
graphs.

The total body base pressure coefficient for fins located flush with the base is

(C= I+ 001 F'1t0d (20
PB'=.6,t/c,xJcO IF= C0 2 N'O+01 . td

where (Cpl,)N. -,0 F 2 , and F 3 come from the AP93 curve of Figures 8, 10, and 11,
respectively.
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In Figure 10, no data were taken for M. <2 in the test of References 14 and 15,
and none could be found in the literature. Hence, the data for M, = 2 are assumed to
apply for M.,<2 as well. While this is a big assumption, it is believed to be better
than neglecting the base pressure effect due to control deflection and angle of attack,
which other engineering aerodynamics codes do. It is also worth noting that Figure
11 indicates what is intuitively obvious; i.e., for small control deflections and angles
of attack, fin thickness effects are important in base pressure estimation, whereas for
large values of oc and 8, the additional change in Cp,, due to fin thickness is minimal.

The final parameter to define the effect on base pressure is fin location relative
to the body base. This is done through Equation 21, where

(CPB , ,• = (CPB) + 0.01 (ACP ) (21)

Here (Cpl,)• . is the body-alone base pressure coefficient at a given angle of attack
given by Equation 19 and (ACp,),. t, x,, is the total change due to the presence of fins
at a given x, 6, t/c, and x/c. An example of (ACpt)_x.8,t.,x, is given in Figure 12 for
M.=2.0 and Ioc+8i=10 deg. Reference 14 shows other curves for this parameter.
Figure 12 shows that the change in base pressure due to all variables present varies
from that at x/c = 0, where the fins dominate to that of the body alone where the fins
have no effect (x/c - 2.5).

60-

o / 0-

00

M:0.

0
obo

'-- M=$.$LI

40-

o 
0 

-

S20-

M. 2 0

0-I

S 10 is 20 2S5 3 3S

/a +81 (deg)

FIGURE 10. PERCENT INCREASE IN BASE PRESSURE COEFFICIENT
DUE TO COMBINED EFFECTS OF ANGLE OF ATTACK

AND CONTROL DEFLECTION (tic - 0)
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2.5 BODY-ALONE NORMAL FORCE AND CENTER OF PRESSURE

The normal-force coefficient of the body alone is estimated by
CN = CNL CNNL (22)

where CN,, is the linear term and CNN! the nonlinear term. The linear term is
predicted in AP81 by either SOSET, Second-Order Van Dyke combined with MNT, or
empirical depending on the Mach number range (see References 2, 7, or 9 for details).
The nonlinear term is estimated by the Adlen-Perkins viscous crossflow theory. 34 No
changes were made in the linear term of Equation 22 in AP93 from AP81. Three
changc. in the nonlinear term of Equation 22 were made for the AP93.

The nonlinear term of Equation 22 according to Reference 34 is

A
CNNL =- Cdc sin 2 -- -P (23)

ref

The first change from AP81 is in the value of rl. AP81 used an incompressible
value of rt with no account of compressibility effects. Reference 35 clearly showed a
compressibility effect. This effect is shown in Figure 13a along with the line drawn to
represent the data. This line is defined as

for1 (24)rl = M N + roorM N !-• 1.8 4

r =1 forM N >1.8

where 1o is the incompressible value of q (MN = 0) given in Reference 2 and used in
AP81.

The second change is in the value of the crossflow drag coefficient used. This
value was changed to allow the effect of transition on the body surface to impact the
value chosen. This impacts the value of Cdc for MN values of 0.5 and less. Also, the
value of Cdc is slightly lower for 0.6:5 MN-: 2.2 than that used in AP81. This is based
on the large NASA Tri-Service Database.3 6 The new value of Cdc used in AP93 is
given in Figure 13b. If the flow on the body is a combination of laminar and
turbulent (which is the case for most conditions), a value somewhere in between the
two values on the Figure 13b curve for MN -- 0.5 will be computed. If XL defines the
length of laminar flow on the body and XT is the total length, then for MN-- 0.5,

Cd =1.2 -( )0.8 (25)
xT

Thus, ifXL=0 so the flow over the body is fully turbulent, a value of Cdc= 1.2 will be
computed, whereas a value of 0.4 will be picked if the flow is fully laminar.
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The third change made in AP93 was in the center-of-pressure location. AP81
used a weighted average of the normal force center of pressure of the linear term and
nonlinear term, where the nonlinear term Xcp was at the centroid of the planform
area in the crossflow plane and the Xcp of the linear term was computed theoretically
or empirically. Both these values were held constant as angle of attack increased, the
only change being from the changing values of the normal-force terms of Equation 22.
In numerical experiments using the database of Reference 36, it was found that the
assumption of a constant value of center of pressure with angle of attack was not
completely correct. It is suspected that as angle of attack increases, the center of
pressure of the linear term of Equation 22 changes and can no longer be assumed to
be constant. An empirical way to represent this change with Mach number is given
in Figure 13c. This change is effective for x>10 deg. Between O =0 and 10 deg, the
correction is implemented in a linear fashion between zero at X =0 to its full value at

S=10 deg.

Figure 14 is an example of the normal-force and center-of-pressure comparisons
of the AP81, AP93, and experimental data. The data are from Reference 36, which is
for a 12.33-caliber tangent-ogive cylinder configuration with a 3.0-caliber nose. The
improvements made in AP93 give significantly better results on both CN and Xcp as a
function of angle of attack.

2.6 WING-ALONE LINEAR NORMAL FORCE AND CENTER
OF PRESSURE FOR LOW-ASPECT RATIO WINGS

The AP81 gives reasonably accurate wing-alone linear normal-force coefficients
if the aspect ratio is one or greater. However, as the aspect ratio gets small, similar to
what would be obtained on dorsal-like lifting surfaces, the linear theory gives values
of (C•)),.0, which are too high. This is because the AP81 neglects Xii*ch lines that
intersect opposite wing tips. This assumption becomes increasingly invalid as the
aspect ratio gets small. To remedy this, the Evvard 3 7 and Krasilshchikova 38

methods for low-aspect ratio wings were implemented in the AP93. The (CN•)• =0 is
still slightly higher than experimental data; however, it is believed this is due to
neglecting thickness effects. For the details of this effort, interested readers are
referred to Reference 12.

A second change was also made in the linear part of the wing-alone lift. This
had to do with center-of-pressure prediction. When the linear theory or lifting
surface theory said the center of pressure was further forward on the wing than
15 percent (or 10 percent of the chord subsonically), the AP93 puts a limit at these
values. This limit, in effect, brings into the center-of-pressure considerations the real
viscous effects, which are neglected in the linearized inviscid theories.
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2.7 WING-ALONE NONLINEAR NORMAL FORCE
AND CENTER OF PRESSURE

One of the major reasons the AP81 gave poor results at ac> 10 deg for many
missile configurations was failure to include nonlinearities in the wing lift. Using
the databases of References 39 and 40, a semiempirical method was developed for the
rionlinear wing-alone normal-force term12,13 analogous to the body-alone
Equations 22 and 23; i.e., the nonlinear term of wing-alone lift can be defined as

CN =f(MN, AR, )q ) sin20 (26)
NL Aref)

Here, f(MN, AR, X) is analogous to the q Cdc of the body alone in Equation 23. Since
the total wing-alone normal force is known for a given AR, M., A, and a from
References 39 and 40, the linear value of lift is known from the 3-D thin-wing theory
or lifting surface theory from AP81 (modified according to Section 2.6); the nonlinear
normal force of the wing alone is

CNNL (MN, AR, A) = CN (MN AR, A) - C NL(MN, AR, A) (27)

Using the data of References 39 and 40, Equation 27 values were generated and
a parameter k, defined as

CN (M AR, X)k= NNL N'(28)

kt = sin20

was generated. Tables of k1 for both high and low Mach numbers are given in
Tables 2 and 3. The total wing-alone normal force in AP93 is therefore

A (29)
C + k sin 20z

Cw ref

The second term of Equation 29 was neglected in AP81.

The center of pressure of the wing-alone lift was assumed to vary quadratically
between its linear theory value at a = 0 to the centroid of the planform area (adjusted
for thickness effects) at x = 60 deg.

Defining the center of pressure of the wing-alone linear term as A and the
center of pressure of the nonlinear term as B (both in percent of mean geometric
chord), then the center of pressure of the wing lift is

____ (30)
(X )=A+- W IB-AJ+ 2 JA-BJ

Xcpw 36 w 5400 w
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TABLE 2. VALUES OF ki FOR LOW MACH NUMBERS

AR s 0.5; Mý, < 4.0

AIMM 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4,5

0.0 1.55 1.57 1.60 1.60 1.51 1.25 0.92 0.56 0.29 0.16
0.5 2.84 2.90 2.82 2.30 1.35 1.00 0.80 0.64 0.47 0.33

1.0 2.37 2.45 2.43 2.31 1.50 1.05 0.90 0.75 0.61 0.48

AR = 1.0; M. < 3.5

AIM. 0 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.0 1.32 1.48 1.46 0.99 0.40 0.22 0.12 0.09 0.09 0.11
0.5 2.44 2.45 1.85 0.70 0,31 0.19 0.20 0.26 0.36 0.43
1.0 1.20 1.22 1.10 0.50 0.45 0.50 0.65 0.78 0.88 0.94

AR >- 2.0; M, < 3.5

\/M. 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.0 -1.80 -1.84 -1.95 -1.50 -0.20 0.00 0.10 0.20 0.25 0.30
0.5 -1.80 -1.84 -1.95 -1.50 -0.20 0.30 0.41 0.60 0.72 0.80
1.0 -1.45 -1.47 -1.35 -0.70 0.20 0.60 0.83 0.98 1.09 1.15

FIGURE 3. VALUES OF k, FOR HIGHER MACH NUMBERS

AR t- 0.5; M, L> 4.0

M k/ 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0M~sin-

0.0 -1.60 -0.98 0.23 0.55 0.71 0.82 0.89 0.92 0.95 0.95 0.95 0.95 0.95
0.5 -0.87 -0.24 0.33 0.60 0.73 0.82 0.89 0.92 0.95 0.95 0.95 0.95 0.95
1.0 -0.31 0.09 0.46 0.68 0.78 0.87 0.91 0.93 0.95 0.95 0.95 0.95 0.95

AR= 1.0;M,-Ž 3.5

M ,ksin 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

0.0 -0.39 -0.39 -0.29 0.06 0.29 0.48 0.60 0.69 0.75 0.81 0.86 0.91 0.94

0.5 0.14 0.17 0.29 0.46 0.63 0.76 0.85 0.90 0.93 0.95 0.95 0.95 0.95
1.0 0.30 0.50 0.86 0.93 0.94 0.95 0.95 0.95 0.95 0.95 0.95 0.95

AR 2.0; M, -> 3.5

Xi 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0M,-sin-

0.0 -0.25 -0.05 0.20 0.50 0.80 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
0.5 0.02 0.29 0.80 0.98 0.98 0.97 0.97 0.96 0.95 0.95 0.95 0.95 0.95
1.0 0.66 1.02 1.15 1.18 1.15 1.09 1.02 0.96 0.95 0.95 0.95 0.95 0.95
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Mw in Equation 30 is the total angle of attack in degrees on the wing. Figure 15 gives
an example of the AP93 methodology compared to AP81 and experimental data. This
particular case shows significant improvement in the wing-alone normal force of the
AP93 versus AP81 when compared to the experiment. However, no improvement in
center of pressure is obtained because X 0 and the centroid of the planform area are
the same as experimental data suggest.

AMI

1.2 ..........
AP93

.1 ............ .. ...... ..... ...... ....... .... .... ....... ...........

~0 .8 ....... ...... .. .... . ........... .........................

0010 1, 1o 215 3

Angle of Attack (deg)

...7.... . . . . ..... . . . . . .

E

0O .3 .E M N 4 ................ .......... ...... ......

'X 0 .2 ............. ........ I.. .......... ......

AM]J

0 .1 .......... ......... ........... ........ .

0-
0 5 1'0 1,5 20 i5 30

Angle of Attack (deg)

FIGURE 15. WING-ALONE NORMAL-FORCE COEFFICIENT AND
CENTER OF PRESSURE (AR -- 0.5, A = 0.0, M, =. 1.6)
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2.8 WING-BODY AND BODY-WING NONLINEAR INTERFERENCE
FACTORS DUE TO ANGLE OF ATTACK

The total configuration normal-force coefficient at a given angle of attack,
control deflection, and Mach number is41

C N = CN B+ R(KW(B + K BW)>0 + (k WB) + k BW))8 W ICN,)W

+ [ (1 B).+ KB11)>±+(k. B+ k BCD)>TKICN. T+C NnV (31)

The first term in Equation 31 is the normal force of the body alone including the
linear and nonlinear components; the second term is the contribution of the wing (or
canard) including interference effects and control deflection; the third term is the
contribution of the tail including interference effects and control deflection; and the
last term is the negative downwash effect on the tail due to wing shed or body shed
vortices. The K's represent the interference of the configuration with respect to angle
of attack, and the k's represent the interference with respect to control deflection.
Each of these interference factors is estimated in the AP81 by slender body or linear
theory.3 As such, they are independent of angle of attack. Estimating the change in
these parameters with angle of attack is desired. To do this, Reference 12 made use of
the large database of References 36, 39, and 40.

The work of Reference 12 found that the wing-body interference factor had the
qualitative behavior as shown in Figure 16. At low angles of attack, slender-body
theory appeared to be a good estimate of KW(B). This estimate was adjusted slightly
for M.-1.5 by an amount ilKw(B). At some angle of attack defined as xc, KW•B)
seemed to decrease in a nearly linear fashion. The rate of this decrease was a
function of Mach number-the higher the Mach number, the larger the rate of
decrease. At some point defined as xo, the KW(B, appeared to reach a minimum and
remain about constant. As a result of this analysis, a mathematical model was
derived to define KWIB, in terms of its slender-body theory value [Kw(Blss and an
empirical correction derived from the databases of References 36, 39, and 40. This
model given in Figure 16 is

Ii l( r/'-is )~•
K K,,, )for5 -5=B ItwBJSB + JAWBJ=. "

d~wB• •-•)I r for• <a < (2

KW(B) KW (B) SB + AKwtB jo=0 + d (X Cc 0.5 C D (32)

KWtB) Kwf B)SR+ I)AKw, 1. = dKwlB) ((DX C }(r/s-)for>x>
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. .... •• - - AwS)- f (M..)

WI DY ! d[Kw(I
THEORY SLOPE =-( M.)A-

GENERAL EQUATION:

boy I I '' }
0. da0.

S+1 AKW(S) W- B • (aD--0€) r/e f >a aD

Ia I !S -

FIGURE 16. QUALITATIVE BEHAVIOR OF WING-BODY
INTERFERENCE FACTOR AS A FUNCTION

OF ANGLE OF ATTACK

The empirical corrections to KW(B) are also in a form that can be defined mathe-
matically as opposed to a table lookup procedure. These equations for

AKw(B) I ,xndI

are

1AK w(B) 1_ = -- 0.44 1Mý - 1.5 for 1. 0 < M -1.5 (3
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dIKwB)] 1Id•

dlKw(B)] (34)

d IK -, (0.00283Mm + 0.025)
do(

C

MW_2.3

c = 12.5 - 1.06 M -2.59 M2  for AR-O0.5

o = 12.5 -6.25 M for AR=1.0C

= 4.5 + 2.25 M -2.25 M2 for AR-2.0 (35)

M. >2.0

D

0D 33.3 - 8.19M + 0.82 M2  for A=0

D =25.3 - 6.62 M + 0.66 M 2  Lr X= 1.0 (36)

OtD = [3DI =1.0 + A j(xDD) ,:O - (xD)A=].01 for0< A< 1.0

The semiempirical mcdel for KBWi was also defined in terms of its slender body
or linear theory value, plus a correction due to nonlinearities associated with angle of
attack. The mathematical model for KB,w, was defined as 1 2

K =K BB W { AK +WJ + d-- I (37)B W). 05'o dx
L.T
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Unfortunately, a mathematical model for [AKBw,]ýo and d[KB,w/!d- were difficult
to define because of the variability of the constants as a function of the parameters of
interest. As a result, a three-parameter table lookup for these two parameters is used
in AP93 based on the data in Table 4. The parameters in the table lookup include
M., X, and AR. Linear interpolation is used.

TABLE 4. DATA FOR BODY-WING NONLINEAR SEMIEMPIRCAL
INTERFERENCE MODEL

Data for [ AKVw) ] .=o

Aspect Taper Mach Number
Ratio Ratio S0.6 0.8 1.2 1.5 2.0 2.5 30 3,5 Ž4.5

0,0.5,
-< 0.25 1.0 -0.1 -0.1 0.5 0.6 0.7 0.8 0.7 0.5 0.3
0.5 0.5 -0.28 -0.1 0.13 0.11 0.05 -0.02 .0.06 0 0

1.0 0.5 -0.26 -0.2 0.15 0.21 0.15 0 0 0 0

a2.0 0.5 -0.13 -0.04 0.12 0.43 -0.16 0 0.37 -0.08 -0.16

0.5 0 -0.3 -0.06 0.26 0.28 0.17 0.12 0.14 0 0
a>2.0 0 -0.2 -0.1 0.12 0.52 0.12 0.15 0.22 -0.06 -0.22

0.5 1.0 -0.16 0.08 0.26 0.14 .0.12 0 -0.05 -0.10 0

L>2.0 1.0 -0.2 -0.1 0.12 0.45 -0.02 0.11 0.28 -0.17 -0.3

Data for d[ KES:w) I I do

Aspect Taper Mach Number
Ratio Ratio <0.6 0.8 1.2 1.5 2.0 2.5 3.0 3.5 Ž4 5

0,0.5,
!0.25 1.0 0.018 0.013 -0.010 -0.023 -0.013 -0.022 -0.031 -0.025 -0.031

0.5 0.5 0.019 0.010 -0.008 -0.010 -0.013 -0.013 -0.013 -0.012 -0.012

1.0 0.5 0.013 0.010 -0.007 -0.013 -0.020 -0.017 -0.012 -0,012 -0.012
a2.0 0.5 0.010 0.011 0 -0.013 -0.010 -0.017 -0.040 -0.012 -0.012

0.5 0 0.033 0.022 0 -0.007 -0.010 -0.008 -0.014 -0.012 -0.012

:>2.0 0 0.010 0.010 -0,007 -0.020 .0.011 -0.020 -0.023 -0.012 -0.012

0.5 1.0 0.019 0 -0.019 -0.010 -0.007 -0.013 -0.014 -0.012 .0.012
a2.0 1.0 0.010 0.01 -0.007 -0.017 0 .0.017 -0.026 -0.012 -0.012

In Equations 32 and 36, the factor

r/s
0.5

appears. This is because the database of Reference 36 is based on r/s=0.5, and
Reference 41 indicates the aerodynamics vary linearly with r/s. This assumption is
inherent in the semiempirical models for Kw, 3, and K8,w,.
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In examining cases where r/s is small, it was found that at high angles of attack,
the wing-alone solution was not recovered properly through the Equations 32 and 37
process. To remedy this situation, the AP93 nonlinear interference factors were
blended into those predicted by slender-body or linear theory as r's became small,
The specific equations used to do this are

For r/s >- 0.25

K t,,l = KwB)W AP93

For 0.05 < rls < 0.25

KW(K) KW Hi I SBK,,R1T S
1 , ,AP93. OMi.

I ~(38b~

[IT LT

For r/s -• 0.05

KwBý K22 I B) I SBT ;K BW) ~KSW WI B (38c)

LT

In essence, the model represented by Equations 38a through 38c uses the
nonlinear interference factors for r/s values greater than 0.25; they use a blend of
slender-body or linear theory and the nonlinear values of interference factors for r/s
values between 0.05 and 0.25. They also use the slender-body or linear theory values
for r/s values less than 0.05. Hence, when the body vanishes (r/s = 0), the wing-alone
solution will be automatically recovered in a smoother and more accurate way.

Figure 17 is an example of the normal force on the wing in the presence of the
body and the normal force on the body in the presence of the wing using the AP93
theory, the AP81 theory, and compared to experimental data. Note that

CN W CNw KwtB)

CN wi ) CNw KBwI (39)
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MaWh- 12

2'- AP81

3 -- --

05

0 5 10 is 20 25 30

Angle of Aftack (dog)

Match.1,2

2 - AP81

1 AP93
cc 1.5-
z
Q

0.5 .- -

0 5 10 15 20 25 30
AIgl of Afack (d*o

FIGURE 17. WING-BODY AND BODY-WING INTERFERENCE AS
A FUNCTION OF m (AR = 2.0, A=0, M. = 1.2)

Hence, Figure 17 is actually a representation of the normal-force coefficient on the
wing and additional normal force on the body due to the wing. Thus, Equation 39 is a
representation of the accuracy of not only KWIB, and KBjw), but CNW in conjunction
with the interference factors. This is a more true indication of the accuracy of the
code, because there are actually two of the component force terms that make up
Equation 39. As seen in Figure 17, the AP93 methodology is clearly superior to the
AP81 theory as angle of attack increases.
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The center of pressure of the new value of normal force of the wing in the
presence of the body estimated by Equation 32 is assumed to remain at the values of
the wing-alone solution of AP93 given by Equation 30. The center of pressure of thsF
additional lift on the body due to the presence of the wing is estimated the same as in
AP81, which is either slender-body or linearized theory. These values are modified
for short afterbodies according to Reference 3.

In exercising the AP93 on missi!e configurations in the transonic speed regime
(0.6!5M_2.0), it was found that some of the nonlinear lift associated with small
aspect ratio fins (ARS 1.4) was lost due to shock-wave formation. A certain amount
of linear lift loss was accounted for from an empirical approach in the AP81. This
appeared to be satisfactory for the larger aspect ratio fins, where the nonlinear
normal-force term with angle of attack was negative. However, when the fins have a
positive nonlinear normal force due to angle of attack, some of this force appears to be
lost with shock waves. This loss was estimated empirically as a function of Mach
number and angle of attack for a wing that had an area-to-body reference area of
about one. These data for ACN losses due to compressibility effects are given in
Table 5. A two parameter linear interpolation is made from Table 5 for a given M,
and ýx to compute ACN. ACN is further degraded for taper ratio for values of , < 0.5.
The specific equations for ACN are

Aw
ACN w -AN)Ae

=B (AN)• forAŽ•_0.5

C B(W) Aref

AC N w -0. 2 ACN W for0.1
B(W) A ref0.

AN W)= ,02A A re--- ) for,'- 0.1

TABLE 5. LOSS OF WING NONLINEAR NORMAL FORCE DUE TO
SHOCK-WAVE EFFECTS IN TRANSONIC FLOW

jx + 81 DEG

M, 0 5 10 15 20 25 30 35 -Ž40

:50.4 0.0000 0.0000 0.0000 0.0000 0.0000 000 0.0000 0.0000 0.0000

0.6 0.0000 0.0000 0.0000 0.0000 -0.0220 -0.2060 -0.6890 -0.9500 -1.300

0.8 0.0000 0.0000 0.0000 0.0000 -0.0531 -0.2200 -0.7100 -1.010 -1.400

1.2 0.0000 0.0000 -0.0093 -0.0293 -0.1651 -0.4167 -0.7629 -1.070 -1.500

1.5 0.0000 0.0000 -0.0653 -0.1111 -0.1556 -0.4444 -0.7000 -1.070 -1.500

2.0 0.0000 0.0000 -0.0076 -0.0376 -0.1502 -0.1142 -0.0951 -0.0700 -00500

-2.5 0,0000 00000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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2.9 NONLINEAR WING-BODY INTERFERENCE FACTOR
DUE TO CONTROL DEFLECTION

The nonlinear methodology for computing the wing-body interference due to
control deflection has not been presented before. As a result, a more detailed dis-
cussion of this effort will be presented in contrast to the other new methods, which
were only briefly summarized.

Initially, it was planned to use slender-body theory for the interference factors
kw(B) and kB(w,, as currently done in AP81. This plan was based on Reference 12
results comparing computations (using Equation 31 where all the nonlinearities are
included) with experimental data at 8=0 for both body-tail and body-wing-tail or
body-dorsal-tail configurations. These comparisons were good and seemed to indicate
this new technology to be superior to existing engineering approaches. However,
when results were examined for configurations that had control deflections on either
the aft or forward lifting surface, they were found to not be as good as desired. This
led to the conclusion that nonlinear interference factors due to control deflection were
also required to improve the performance of AP93 when compared to experimental
data.

To address this problem, the database of Reference 36 was once again employed.
An attempt was made to estimate kw, i, based on the component measurements of this
database. During these measurements, only one fin was deflected at a given set of
conditions (ex, M., p, fin geometry). Referring to Equation 31, the normal-force
coefficient component resulting from a control deflection of a lifting surface is

ACN = kWB (CN)W (41)

The additional normal-force coefficient on the body due to control deflection is

SN k B(W) ( Nw (42)
B(W) )~

In principal, because the database of Reference 36 was taken from wing and
body independently where they were close enough to each other to get the
interference effects, kw(B) and kBMw) can be determined. This was attempted with
mixed success. Values of single-fin control deflection normal-force coefficients were
obtained for several conditions. The ACNW,,,, of Equation 41 could be readily
determined by multiplying the values in the wind tunnel data by two (since only one
fin was deflected) and subtracting these values for the ACN,,,,,, at 8 = 0.

It is suspected that there are several reasons for the mixed success of this
approach. First of all, the area of any one fin that was deflected varied in physical
size from 0.0312 to 0.0078 ft2. This compared to a body cross-section area of 0.0490 ft2
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and a body planform area in the crossflow plane of approximately 0.7 ft2. In other
words, at zero angle of attack, where body lift and wing lift, due to angle of attack are
zero, a reasonable value for the normal-force coefficient resulting from control
deflection can be obtained. However, as angle of attack increases, the planform area
of one fin is anywhere from I to 4 percent of the body planform area and it makes it
difficult to get consistently- accurate values resulting from control deflection. This is
due to the substraction process involved in obtaining the ACw due to canard deflec-
tion and the fact that there is a certain amount of experimental error in each of the
measurements.

Second of all, based on comparisons with data of actual missile configurations,
the effect of control deflection can increase or decrease with angle of attack,
depending on the Mach number. At low supersonic and subsonic Mach numbers, the
effectiveness tends to get smaller with increasing angle of attack, whereas the
compressibility effects at high Mach numbers cause the opposite effect to occur.
Therefore, the smaller the effect from control deflection, the harder it is to separate it
out from that caused by angle of attack.

After several weeks of reducing data and attempting to develop an empirical
model, it was concluded that the inconsistency of results were such that a different
approach for developing a nonlinear model of interference effects due to control
deflection was desired. The approach taken was to use the AP93 with the non-
linearities of wing-alone, wing-body, and body-wing interlerence effects due to angle
of attack included, use the slender-body estimate., of' kw.8 . and ksw, for control
deflection, and derive empirical modifications to kw H based on numerical experi-
ments compared to actual missile data. Because kw, 8 appears in the vortex lift on the
tail due to canard or wing shed vortices, the numerical experiments were conducted
with canard body-tail configurations

Referring to Equation 31, the vortex normal-force coefficient on the tail is41

C N IR) (N ý)W(CN) ~Kw,.) si + F kw' I.) sin 1J i (s r~r)AW(4)

2n(AR)T(fW - rw)Aref

Equation 43 has a factor F that multiplies the term due to control deflection in
the wing-tail vortex lift. This factor is needed in addition to the nonlinearity for
kw(B), partly because the negative afterbody lift due to control deflection is not
presently modeled in either AP81 or AP93. This term is defined as

-A 41' fw - rw fT + -(441)

N f Xr2 2131 Aw W W _ + h_

T T3
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where

r KW(B) sinx + kwB, W (i 6

V 4 (fw - rw) CN.)wW Aw

The main reason this term was not included in the AP81 code was that it
required an estimate of fT, which is the position of the canard shed vortex at the tail.
Also, Reference 40 indicated this term was generally much smaller than that
computed by Equation 43. To account for this term, a vortex tracking algorithm is
needed or an empirical correction to the term in Equation 43. For angles of attack
much greater than 25 or 30 deg, a vortex tracking algorithm may be needed.
However, up to a of about 30 deg, an attempt will be made to develop a nonlinear
model of interference effects resulting from control deflection by defining kw(B) as a
function of angle of attack and Mach number and Fas a function of Mach number.

Using References 42 through 44 and Reference 40 for low Mach number, a
semiempirical nonlinear model for kw(B) and the parameter F were derived from
numerical experiments. The mathematical model for kw(B) is based on slender-body
theory similar to kw(B) and kBw) and modified for angle of attack or control deflection.
In general, it was found that

kW(B) = C 1(M) IW(B) I +B 2(1 W1~M

More specifically, kwB), Ci, C 2, and F are defined in Figure 18 for Mach numbers
where data are available. For Mach numbers less than 0.8 and greater than 4.6, the
equations derived for those conditions have been used. The current method for using
the empirical estimate for kw(B) from Figure I is to linearly interpolate between Mach
numbers for a given value of a, 8, and Mo.

In examining the model in Figure 18, it has a lot of similarities to the nonlinear
KW(B) model already discussed; i.e., at low angle of attack, slender-body theory gives a
reasonable estimate of kwtB). However, as angle of attack increases, kwB) decreases
for low to supersonic Mach numbers. For higher supersonic Mach numbers, kwaB)
actually increases at higher angles of attack, presumably due to compressibility
effects. Also, for low angles of attack, a value of Fnear one is found for the vortex lift
model, indicating again reasonable accuracy using the theory in Reference 41. How-
ever, as angle of attack is increased, F increases above one for many Mach numbers.
That is, Equation 43 gives values of CNT, , too small due to control deflection of a
forward surface. As already mentioned, this is most probably due to the neglect of the
effect on the afterbody (Equation 44), which becomes more appreciable percentage
wise compared to the Equation 43 results, as angle of attack increases.
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M<_.8

If Ilcwl S 24.0-. kw(B) = 1. 4 [kw(B)]SB
If I-wl > 24.0 -kw(B) = 1.4 1.000794 i.wI2 - .0933 Icwl + 2.711
F= 1.1

M= 1.1

If Iacwl < 15.0-- kw(B) 1-.-3[kw(B)]ISB
If ixIw > 15.0 -kw(B) 1.3 [.00087 I-w12 - -0825 xwl + 1.981
F= 1.1

M= 1.5

If Ixwl t:- 10.0 -*kw(B) =.9[kw()]S
If ICwI > 10.0 -kw(B) .9 [kw(B)ISB - .01lxwl - 10.01
If Ixwl !s 20.0 --.F .8
If locwl > 20.0- F= .8 + .10[lIxwi - 20.0]

M=2.0

If t0(wl _ 10.0 -- kw(B) = .9[kw(e)]sB
If lcrwl > 10.0 ---* = .9[kw(B)jSB - .O05[[xwl- 10.0]
If lOwl -5 20.0 F =.8
If twl > 20.0-- = .8 + .17[IawI- 20.0]

M=2.3

If lawl _5 20.0- kwB) - .9 [kw(B)]sB
If iocI > 20-. kMB) = .9[kw(B)]ss - .005[1c -w 20.0]
If Icwl -5 30.0-.F-- .9
If l-wl > 30.0- F = .9 + .15[I1wI- 30.0]

M =2.87

If ImwI !- 20.0 -- kw(B) = .9[kw(B)]Sa
If Iowl > 20.0 -- kw(B) = .9[kw(B)]S - .005[Ic'wI - 20.0]
If lawl <- 30.0 -F = .9
If lwl > 30.0--* F = .9 + .17[l'wl - 30.0]

M = 3.95

kw(B) = .8[kw(B)IsO
If xIwl 5 40.0- F = 0.9
If Iowl > 40.0 -- F = 0.9 + .4[lckw - 40.0]

ML_4.6

If I0wl !S 20.0 -- kw(B) = 0.75[kw(B)]Se
If IcXwI > 20.0 -kw(B) = 0.75[kw(B)]SB + .01[locwl - 20.01
If lwl 5 35.0F = .9
If Imwl > 35.0 - F = .9 + .3[fk~wl - 35.0]

where -, . x +

FIGURE 18. NONLINEAR WING-BODY INTERFERENCE
MODEL DUE TO CONTROL DEFLECTION
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3.0 SUMMARY OF METHODS IN AP93

3.1 AP81 METHODS USED IN AP93

In picking the methods to carry forward into the AP93 code from the AP81
version, several criteria were considered: (1) is the method needed for performing
aerodynamic computations, (2) have the methods been used by users or has it been
basically taking up computer storage and time with little return on the investment,
(3) has the AP81 method been replaced by something better in AP93, and (4) is the
accuracy of the method acceptable for most engineering purposes. With these criteria
in mind, a summary of the methods of AP81 that will be retained in AP93 will be
given. These methods have all been well documented in References 2 through 8 so
the interested reader is referred to those references for details of the methods. A brief
discussion will be given in this report.

Most of the body-alone methods of AP81 will remain in AP93. The nose wave
drag is currently computed at low supersonic Mach numbers by combining MNT with
second-order Van Dyke.2-16 This method, first introduced in Reference 2, remains the
only engineering approach to get accurate pressure distributions and wave drag
estimates on blunt bodies at low supersonic Mach numbers from M'= 1.2 to around
MO= 2 to 3 (chosen by the user); the SOSET 4.48 combined with the improved MNT
discussed earlier is used for wave drag up to about M.=6. Above that Mach number,
the basic same approach is used but real-gas and aeroheating effects are also
considered, which slightly increases the run time per Mach number. 9,10,11 At
transonic speeds, the wave drag is computed by the method of Wu and Aoyoma 49 on
the boattail and by a semiempirical table look-up using data generated by a Euler
code5° for the nose. Of course, no pressure drag is assumed for subsonic flow.

The skin-friction drag for both the body and wings is computed by the method of
Van Driest.51 However, options for turbulent and laminar flow are offered as
discussed previously. The empirical base drag approach is retained2 but replaced by
the improved method in Section 2.0. The linearized lift and center-of-pressure
estimates developed for the body alone will also be retained. They are determined by
either SOSET,47 '4 Tsien first-order crossflow,5 2 semiempirical,53 Wu and Aoyoma,4 9

or empirical,2 depending on the Mach number regions. The only modification being
made to this methodology is the center-of-pressure shift defined in Section 2.0. The
nonlinear normal-force and center-of-pressure methods of Allen and Perkins34 will be
retained but extended as discussed in Section 2.0.
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Concerning the wing and interference aerodynamic computations, all the static
aerodynamic methods of References 3 and 7 will be retained. For normal-force and
center-of-pressure computation, this includes lifting surface theory in subsonic flow,
3-D thin wing theory (3DTWT) in supersonic flow, 54 and an option for shock
expansion strip theory4" or 3DTWT in high supersonic or hypersonic flow..5'6.5 .7 For
interference aerodynamics, this includes slender-body theory and linear theory," and
line vortex theory4' for wing-tail interference. There is also a term estimated on the
trailing edge of the fins if they are blunt, which contributes to fin base drag.

Concerning dynamic derivatives, only the methods discussed in References 2
(for the body alone) and 5 (for the wing alone) will be retained. These methods
include empirical for the body alone5" and either lifting surface,' 4 empirical,"9 thin
wing theory,60-66 or strip theory 48 for the wings. The main reason for decreasing the
emphasis on dynamic derivatives is that they do not appear to be as important to the
end users of the code as they were in the 1970's when the code was first started. This
is because the code is primarily used in trim or particle aerodynamic models where
static aerodynamics and not dynamic derivatives are needed. Also, guidance laws
are more robust today than 20 years ago, and this decreases the need for accurate
dynamic derivatives.

3.2 AP93 OVERALL METHODS SUMMARY

The methods used for computing forces and moments in the AP9.1 are
summarized in Tables 6, 7, and 8. Note that the code can now be useful for computing
aerothermal information as well as forces and moments. This means the uses of the
code are now for

"* Providing inputs to flight dynamics models that estimate range or
miss distance

"• Assessing static stability of various missile configuration

"* Assessing various design parameters in terms of optimizing the con-
figuration

"• Assessing structural integrity using the loads portion of the code

"* Assessing aerothermal aspects of a design using the heat transfer
coefficients at high Mach numbers

As seen in Tables 6, 7, and 8, there are many methods that go into the overall makeup
of a component buildup code, such as the APC. The past 20 years have shown that
this type of code can be quite useful when used in preliminary or conceptual design
studies to provide down selection on many configuration alternatives in a fairly
accurate and cost-effective manner.
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4.0 RESULTS AND DISCUSSION

Some results of component aerodynamics or heat transfer coefficients have
already been presented during the summary of the new methods section. This section
of the report will therefore focus on validation of the overall AP93 code in terms of
complete missile configurations where wind tunnel data are available. Where nther
state-of-the-art (SOTA) aerodynamic codes have been used, these rest',ts will also be
shown for comparison of the AP93. Unfortunately, funding will not permit
investigating another SOTA code's performance on the example configurations
unless the results are already available from calculations performed previously.

The first case considered is the body-alone configura'tion of Reference 31. While
the base pressure information was used in the base-drag methodology for M <- 2.0, no
stability and control information was used in the improved body-alone method. The
database used was primarily that of Reference 36. Hence, using the AP93 code on a
different set of data will help validate the code's improved capability for bodies alone.
Only one case is chosen from the many presented in Reference 31. The case selected
is one that has a 25-percent blunt nose, is 3.58 calibers long, and has a 10-caliber
afterbody. The configuration is shown in Figure 19a.

TANGENT OGIVE
RN =0.15 Z

1.2•

4.3 - 12.0 -
FIGURE 19a. BODY-ALONE CONFIGURATION USED IN

VALIDATION PROCESS3'
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Results of the comparisons of the AP93, APS1, and experiment for the
configuration of Figure 19 are given in Figures 19a through 19g in terms of normal-
and axial-force coefficients and center of pressure. Results are given for Ma:h
numbers of 0.8, 1.2, 1.5, 2.0, 3.0, and 4.0. It should be pointed out that for Maoh
numbers of 2.0 and greater, only the forebody axial-force coefficient is given. The
reason is that no boundary layer trip was used in any of the tests, and the flow is
laminar over the entire body at these Mach numbers. This means thle base pressure
computations could have an error built in because of the assumption of a turbulent
boundary layer at the base. On the other hand, for the transonic flow experiments,
the Reynolds number was high enough to ensure turbulent flow at the base without a
trip. Thus, total axial-force coefficients are shown in the comparison.

In viewing the comparison of AP93 and APSI to the data in Reference 3]1. it is
shown that AP93 indicates improvement over AP81 at just about all conditimns
considered and at all Mach numbers, Experimental data were only available for
angles of attack of about 15 deg, so the theoretical computations were only shown up
to 20 deg. The only area where the AP93 code appears to need some improvement is
in the estimation of axial force with angle of attack. The AP93 code does estimate
base pressure as a function of x and has a simplified model for skin friction as well at
angles of attack up to 15 deg. For supersonic flow, the wave drag is also computed as
a function ofx. However, it does not take into account separation regions on the body
leeside, which lower the skin friction or even make it negative on s,,me portions of the
body, thus negating some of the increased base drag with angle of attack. An
example of this is Figure 19b, where the base pressure and skin frictiorn increases
with angle of attack are partially offset by the flow separation on the body leeside,
which is not accounted for. Other than this problem, the AP93 code appears to give
improved results for the body alone over the AP81 code.

A second case considered is the canard-body-tail case shown in Figure 20a,
which was taken from Reference 67. The configuration is somewhat of an extreme
case for the body-alone aerodynamics because it is 100-percent blunt and is about
22.3 calibers long. The configuration tested in the wind tunnel has hangars attached
to the body for aircraft carry and launch. However, tests were conducted with and
without the hangars, and the results showed that CN and CMl were unchanged but CA
was increased. The AP93 and AP81 theoretical computations are compared to the
corrected data of Reference 67, where the hangars have been omitted. Results are
given in Figures 20b through 20s for Mach numbers of 0.8, 1.2, 2.1, 2.86, 3.95, and
4.63 and at canard deflections of 0, 10, and 20 deg. Examining Figures 20b through
20s, it is shown that AP93 gives good agreement with experimental data at just about
all conditions. Significant improvements of the AP93 over the AP81 are seen at the
lower Mach numbers and at the higher Mach number, higher angle-of-attack
conditions.

1-2
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FIGURE 20a. CANARD-BODY-TAIL CONFIGURATION
USED IN VALIDATION PROCESS67

In analyzing why this improvement occurs at those conditions, it is noted that
the aspect ratio of the tail surfaces of the configuration of Figure 20a is about 0.87
and that of the canards is about 1.7. Examining Figure 14 of Reference 12 (or Tables
2 and 3), it is seen that the nonlinearity in wing-alone lift is small for Mach numbers
greater than about 1.5. As normal Mach number increases, [M. sin(oc +8)] for Mach
numbers greater than about 3.5 to 4.0, nonlinearity because of compressibility
becomes important. The bottom line is as long as the aerodynamics are fairly linear,
the AP81 gives good results up to moderate angles of attack. However, when
nonlinearities are preseiiL, the AP93 shows significant improvement. This
improvement is the greatest on the Figure 20a configuration at low Mach number
because the nonlinear normal-force term on the canards is negative, whereas that of
the tails is positive. The combination produces a strong couple in terms of the
pitching moment as evidenced by Figures 20b, c, h, i, n, and o. A good nonlinear
capability such as that present in the AP93 is absolutely essential to get accurate
stability and control information for these cases. Just examining Figure 20b, the
center of pressure of the AP81 at o = 20 deg differs from the experimental data by
-9.4 percent of the body length versus 1.3 percent for the AP93.
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A third case considered in the validation of the development of a nonlinear
empirical model for kw(BI is a configuration tested at NASA/LRC42,43 and is
representative of the SPARROW missile. The configuration tested in heference 43 is
shown in Figure 21a. The configuration tested in Reference 42 is just like the one
tested in Reference 43, except it had wiring tunnels and wave guides present. These
appendages add to the normal force and pitching moment but were not accounted for
in the analytical computations that are presented in Figure 21. The Reference 43
configuration did not have these appendages present and was the main set of data
used for the nonlinear empirical model for kwB. These results are distinguished in
Figure 21 by the fact that the cases that had wave guides present are indicated.

Results of the AP81 and AP93 compared to the experiment for the case of
Figure 21a are shown in Figure 21b and c. Results are presented in terms of CN and
CM versus angle of attack for various control deflections and Mach numbers. As
shov n in Figure 19, the nonlinear models with and without control deflec",o show
the AP93 code agreeing much closer to the data at all Mach numbers than the
linearized approaches of AP81. On the other hand, the fact that the body-alone
normal force of AP81 had the nonlinearities included makes the comparisons to
experimental data better than it would be otherwise.

In examining Figure 21b, it is seen that both CN and C.1 of AP93 ag•ee with the
experiment at 8 = 0 and 5= 10 deg for M = 1.5 and 2.0, respectively. CN and CM of the
AP81 are both considerable in error as angle of attack increases above 5 to 10 deg.
For M.=2.35. both CN and CM1 of AP93 at 8=0 and 20 deg agree with the data.
Again, AP81 is in considerable error at a -Ž10 deg, although the error is decreasing
with increasing Mach number. At Ms = 2.87, both AP81 and AP93 give good results
for CN and CM at 8=0. At 8=20 deg, CN is also predicted quite well by both AP93 and
AP81; however, CM errors are larger for AP81 than AP93. For M- = 3.95, AP81 gives
acceptable results for CN and CM up to =15 to 20 deg and at both 8 = 0 or 20 deg. The
comparison with data gets worse above = 20 deg, whereas AP93 comparisons show
good agreement at all a's and 8's. The same statements basically hold true for the
M, = 4.6 comparisons.

Figure 21c shows the comparisons of AP81 and AP93 to the data of
Reference 42, which is the same configuration as that of Figure 19 except that wave
guides and wiring tunnels were attached to the wind tunnel model. As already
mentioned, no account was taken for these appendages in the analytical
computations. Note that AP93 agrees much closer to the data than AP81 for both
M, = 2.3 and 4.6 at all values of 5. In comparing the wind tunnel data for the cases
with and without appendages, it can be seen that the appendages add only a few
percent to the aerodynamics.
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FIGURE 21a. AIR-TO-AIR MISSILE CONFIGURATION USED
IN VALIDATION PROCESS42.43
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A fourth case used in the validation and development of the nonlinear kwH,
model is shown in Figure 22a. Note that in Figure 22a, two configurations were
actually tested44 -one that had a full-tail surface and a second that had a partial
cutout removed. The APC will not handle the partial-wing configuration as it stands,
so an engineering model of this wing must be created. Experience has shown that the
lifting surface area, aspect ratio, span, leading edge sweep angle, and centroid of the
presented area must be held constant. The chord is varied so as to meet these
constraints. Hence, the configuration that represents the partial-wing results is the
body canard of Figure 22a, plus the AP93 representation of the partial tail shown in
the lower right of Figure 22a.

NOTE: AL. DIMENSIONS IN INCHES, FULL SCALE
CANARD FULL 2,0

TAIL

98.3 5.0

S,0

113.0

NOSE RADIUS 1.42

".75-T _ ý
CANARD -L-'

1. RAIUS'261.

CANARD FULL TAIL

___ A=, ,S2 i0

5.0 'AAP9R3EPAFSENTATION

PARTIALOF PARTIAL TAIL

FIGURE 22a. CANARD-CONTROLLED MISSILE
CONFIGURATION WITH FULL-TAI'L,PARTIAL-TAIL,

AND AP93 REPRESENTATION OF PARTIAL TAIL
FOR USE IN VALIDATION PROCESS"4

Figures 22b through 22d present the comparison of the AP93 with wind tunnel
test data. 4 4 Data were only available at M,=0.2; however, this compliments the
previous data set for the SPARROW missile in the sense that no subsonic data were
available for that case. The full-tail and partial-tail results are denoted on the figure.
Some results were available from Reference 44 for the Missile Datcom.4 5 These
results are also shown where available. As seen in the figure, the AP93 gives
improved results for pitching moment and normal force for most conditions compared
to the Missile Datcom. While center of pressure is not shown, the AP93 computations
are generally within the goal of ±4 percent of the body length. For example, at
- = 30 deg, 8 =-20 deg, Xcp for the data, AP93 and Missile Datcom are 5.39, 4.91, and

3.75 caliber.s, respectively, with respect to the moment reference point. This
represents errors of 2.1 and 7.3 percent of the body length, respectively, for the AP93
and Missile Datcom codes.
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Two body-tail cases were considered in the validation process. The first of these
is shown in Figure 23a and is taken from Reference 68. Several wing planforms were
tested in Reference 68, but only one example will be shown. The body was just over
13 calibers long with a 0.54-caliber, 4-deg boattail at the rear. For these tests, a
boundary layer trip was used, and data were obtained at 'x up to 25 deg at Mach
numbers 1.6, 2.36, and 2.86 and for 6=0 and 10 deg.

MOMENT REFERENCE CENTER

HINGE LINE

0.0 9.0 20.41
37.59

FIGURE 23a. BODY-TAIL CONFIGURATION USED IN VALIDATION PROCESSO"
(DIMENSIONS IN INCHES)

Figures 23b through 23c present the wind tunnel measurements, AP93 and
AP81 for the Mach 1.6 and 2.86 cases at control deflections of 0 and 10 deg. Results
are presented in terms of normal, forebody axial, and pitching moment coefficients as
a function of angle of attack. The only real improvement of the AP93 code compared
to the AP81 version is in pitching moment at high a and at transonic speeds. The
reason for the slight improvement in the configuration is a body-tail case with a
moderate aspect ratio tail surface. This type of configuration is typical of
configurations where the AP81 code performed satisfactorily.

4-4.1
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The second body-tail configuration is shown in Figure 24a, and the wind tunnel
test data along with details of the test are given in Reference 69. The configuration of
Figure 24a is 10 calibers long with an aspect ratio tail of about 1.0. Again, this
configuration is typical of cases where the AP81 code has performed well in the past.
Results in terms of CN and CM as a function ofa at Mr = 0.6, 0.9, and 1.3 are shown in
Figure 24b for the AP93, AP81, and data. The AP93 shows some improvement over
the AP81 for pitching moment at high x, but normal force is about the same. The
reason for this improvement is the nonlinear lift loss methodology included in the
AP93 that was not available in the AP81 code.

MOMENT
CENTER

84.0

+ • 16.8

21.0 - ~~124.6 - 1 1 1.
12.3

FIGURE 24a. BODY-TAIL CONFIGURATION USED IN VALIDATION PROCESS619
(DIMENSIONS IN INCHES, FULL SCALE)
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The last two configurations used for the validation process are from
Reference 70. These configurations feature somewhat unconventional missile fin
arrangements that should help in validating the AP93. The first of these con-
figurations is shown in Figure 25a and consists of a fairly large wing followed by a
much smaller tail that is used for control. The ratio of the wing and tail planform
areas to that of the body is 16.25 and 2.99, respectively. The aspect ratios of these
lifting surfaces are 0.92 and 3.63, respectively, and their r/s values are 0.23 and 0.26.
Example computations are shown for Mach numbers 1.61, 2.0, 2.86, 3.95, and 4.63
and at tail deflections of 0, -10 deg, and -20 deg.

Comparisons are made with AP93, AP81, and the Reference 70 wind tunnel
data for lift, drag, and pitching moment coefficients in Figures 25b through 25p. For
this missile configuration, the AP93 shows slight improvement in predictions over
AP81. Both codes give fair to good engineering estimates of aerodynamics at all
conditions considered. The area where the AP93 code still needs slight improvement
is in the Mach 2.0 to 3.0 range at higher angles of attack and for AR of about one.

In attempting to analyze why this problem occurs, the wing-alone data bases of
References 39 and 40 were reviewed again. The nonlinear wing-lift model of AP93 is
based on the Reference 39 data for Mach numbers of 1.6 and greater and on
Reference 40 data for Mach numbers of 1.2 and lower. Reference 39 data were com-
pared with that of other data sets, including Reference 40. At Mach 2 and AR =1.0,
the Reference 39 data are up to 15 percent lower than the Reference 40 wing-alone
data. It is suspected that since the Reference 39 forces and moments were not
measured but intet-rated from pressure data, and since the wings were required to be
fairly thick to house the pressure taps, that this is the reason for the difference. It is
also suspected that around M=1.5 to 2.5, the loss in lift due to thickness is larger
than at c.her Mach numbers. In hindsight, it would have been better to develop the
wing-alone nonlinear model based on an average of the two data bases. In future
work, this will be done.

MOMENT
REFERENCE

- 4.52 4.37rn=0.5 ,

1.17

FIGURE 25a. WING-BODY-TAIL CONFIGURATION USED
IN VALIDATION PROCESS7OtDIMENSIONS IN INCIIESi
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The final configuration considered in the validation process is the canard-wing-
body configuration shown in Figure 26a. As mentioned earlier, the wind tunnel
results for this configuration were also given in Reference 70. Again, results are
shown for M-= 1.61, 2.0, 2.86, 3.95, and 4.63 at control deflections of 0-, 10-, and
20-deg. Comparisons of the AP93 to the AP81 and experiment show the AP93 to be
slightly superior to the AP81 at most conditions considered for the forces and
moments. The greatest improvement is shown for the low Mach number (1.61)
pitching moment at all control deflections. The AP81 actually is better than the
AP93 at M.=2.0, where the linear theory actually out performs the nonlinear
theory. Again, it is suspected that the previous discussion for the Figure 25a con-
figuration also applies here. Since this has been fairly consistently true for
configurations that have large lifting surfaces with low values of r/s, some adjust-
ment in the nonlinear wing-alone lift methodology is still needed.

Reference 12 considered several cases that had low aspect ratio lifting surfaces.
For configurations such as those, the AP93 shows substantial improvement in the
aerodynamic estimation process. Most of the data for these type of configurations is
either classified or limited distribution; therefore, no additional results are shown.
However, the conclusions in that report still hold true.
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5.0 SUMMARY AND RECOMMENDATIONS

In summary, an improved APC (AP93) has been developed This report
summarizes the methodology for the new technology previously developed and
documented, presents in more detail an undocumented nonlinear method for wing-
body interference due to control deflection, and compares the new AP93 code to the
former APC (AP81) and experimental data.

New technology developed and summarized includes extension of the SOSET to
include real-gas effects; a new engineering method to calculate heat transfer coeffi-
cients and adiabatic wall temperature; new approximate pressure prediction schemes
for blunt and sharp bodies; an improved body-alone nonlinear lift prediction method;
new nonlinear lift prediction methods for wing-alone, wing-body interference, body-
wing interference, and wing-body interference due to control deflection; and a new
base drag database to estimate the effects of angle of attack, fin location, and size,
along with an improved empirical prediction model.

New capabilities of the code include the ability to calculate information to be
used for conducting engineering estimates of heat transfer at high Mach numbers,
the ability to use the code to get accurate estimates of nonlinear aerodynamics for low
aspect ratio and low or high Mach number aerodynamics up to angles of attack of
30 deg, and improved axial-force estimations.

Comparison of the AP93 code to the AP81 version and experimental data
showed the AP93 code on average reduces the errors in normal-force and center-of-
pressure estimation considerably for most configurations and gives slightly improved
estimates of axial-force coefficient. Comparing the AP93 code to available computa-
tions from the external literature of other SOTA codes showed the AP93 to be as good
as or superior to other codes for planar aerodynamics. Regions of superiority of the
AP93 code, in general, were the same weak areas of the AP81 code; i.e., lower aspect
ratio, lower Mach number, higher angle of attack, pitching moments, and hypersonic
Mach numbers.

The computational time of the AP93 is about the same as the AP81 version
(about 1 sec per case on a CDC 995 computer). This is because many of the unused or
seldom used techniques of the AP81 version were eliminated and replaced with more
recent technology, There are a few new inputs, but these are minimal. In general,
the AP93 has maintained the same level of computational time and ease of use (less
than one-half day for an experienced user to set up a configuration for computational
purposes) but is much more accurate and robust than the AP81 version. The code will
be made available to legitimate requesting users at no charge to them.
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While the AP93 shows substantial improvement over the AP81 code for most
static aerodynamics on most configurations, there are still areas needing improve-
ment. These include

"* Refinements in the wing-alone liff curves for wings that have
moderate aspect ratios

"* Refinements in the nonlinear wing-body interference lift at
moderate supersonic Mach numbers

"• Extension of the methodology to higher angle of attack

"* Extension of the methodology to the 0 =45-deg plane in addition to
the 0 = 0-deg plane

These improvements will be added as funding permits.
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7.0 SYMBOLS AND DEFINITIONS

Ap Planform area of the body or wing in the crossflow plane (ft2)

Aref Reference area (maximum cross-sectional area of body if a body is

present or planform area of wing if wing alone) (ft2)

Aw Planform area of wing in crossflow plane (ft2)

a Speed of sound (ft/sec)

AR Aspect ratio = b2/Aw

b Wing span (not including body) (ft)

CA Axial force coefficient

CM Pitching moment coefficient (based on reference area and body
diameter if body present or mean aerodynamic chord if wing
alone)

/'Normal Force
CN Normal force coefficient 12 p. VorcAW/ p•V ref

CsBmv) Negative afterbody normal-force coefficient due to canard or wing
shed vortices

CNB(w) Additional normal-force coefficient on body due to presence of
wing

ACNB(W) Additional normal-force coefficient on body due to a control
deflection of the wing

CNL Linear component of normal-force coefficient

CNN,, Nonlinear component of normal-force coefficient

CNTvj Negative normal-force coefficient component on tail due to wing
or canard shed vortex
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CNw(B) Normal-force coefficient of wing in presence of body

ACNW(B) Additional normal-force coefficient of wing in presence of body
due to a wing deflection

CN, Normal-force coefficient derivative

Cp Pressure coefficient ( p V2®)

1/2 p V',

CpB Base pressure coefficient

(CpB)N•.• Base pressure coefficient with no fins present and at angle of
attack

(Cp B),%,&VC./C Base pressure coefficient with fins present of some t/c, x/c, 5, and
body at some

CPO Stagnation pressure coefficient

Cr Root chord (ft)

ct Tip chord (ft)

d Body diameter (ft)

dref Reference body diameter (ft)

e Internal energy (ft 2/sec2)

F Dimensionless empirical factor used in tail normal-force
coefficient term due to canard or wing shed vortices to
approximate nonlinear effects due to a control deflection

F1 , F 2, F3  Symbols defining parameters used in base drag empirical model

fw, ft Lateral location of wing or tail vortex (measured in feet from body
center line)

H Heat transfer coefficient based on wall local temperature
(ft-lb)/(ft2-sec-°R)

Ho Total enthalpy (ft2 /sec2)
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H1  Heat transfer coefficient based on wall local specific enthalpy
[slug/(ft 2-sec)1

h Specific enthalpy (ft2 /sec2)

haw Adiabatic wall specific enthalpy (ft2/sec 2 )

he Specific enthalpy at outer edge of boundary layer (ft2/sec2 )

hT Height of wing or canard shed vortex at tail center of pressure (ft)

hw Specific enthalpy at wall (ft21'sec 2)

h* Reference value of specific enthalpy (ft2/sec 2 ) (see Equation 16)

i Tail interference factor

ki Empirical factor defined in wing-alone nonlinear normal-force
coefficient term

KB(w) Ratio of additional body normal-force coefficient derivative due to
presence of wing to wing-alone normal-force coefficient derivative
at 6 =: 0 deg

KwfB) Ratio of normal-force coefficient derivative of wing in presence of
body to that of wing alone at 8 = 0 deg

kB(w, Ratio of additional body normal-force coefficient derivative due to
presence of wing at a control deflection to that of the wing alone
at m =0

kw(s• Ratio of wing normal-force coefficient derivat, ý in presence of
body due to a control deflection to that of wing alone at a ; 0 deg

[kwcB)]SB Value of kw(mB calculated by slender-body theory at m = 0

AKW(B), AKBiW) Nonlinear corrections to KBw) and Kw1B, due to higher angle of
attack

Length (ft)

IN Nose length (can be in calibers or feet)

LT Linear theory

M Mach number = V/a
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MN Normal Mach number to body axis = M sin o

Ni, Nt Transformation factors used in Eckert reference enthalpy to
approximate three-dimensional effects for laminar and turbulent
flow ( = 3 and 2, respectively)

p Pressure (lb/ft2)

PC Pressure of a cone of given half angle (lb/ft2)

Pr Prandtl number

qw Heat transfer rate (ft-lb)/(ft2-sec) at wall

qw,l, qw,t Heat transfer rate at wall for laminar or turbulent flow,
respectively

R Gas constant [for air R = 1716 ft-lb/(slug-°R) I

pVl
Re Reynolds number =

(Re)c Critical Reynolds number where flow transitions from laminar to
turbulent flow

ReD Reynolds number based on diameter of wing leading edge
bluntness

r Radius of body (ft)

rn Radius of nose tip (ft)

rw, rt Radius of body at wing or tail locations

r/s Ratio of body radius to wing or tail semispan plus the body radius

s Distance along body surface in SOSET (also wing or tail semispan
plus the body radius in wing-body lift methodology)

SB Slender-body theory

T Temperature ('R)

Taw, To, Tw Adiabatic wall, total, and wall temperature, respectively

t/cr Tail thickness to its root chord
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tid Tail thickness to body diameter

V Velocity (ft/sec)

"Ve Velocity at edge of boundary layer (ft/sec)

VP Velocity parallel to leading edge of wing (ft/sec)

x Distance along the axis of symmetry measured positive aft of nose
tip (feet or calibers)

x/c Parameter used in base drag methodology to represent the
number of chord lengths from the base (measured positive
upstream of base)

Xcp Center of pressure (in feet or calibers from some reference point
that can be specified)

XL, XT Laminar and turbulent flow lengths on body (ft)

Z Compressibility factor

M Angle of attack (degrees)

Occ Angle of attack where wing-body interference factor starts
decreasing from its slender-body theory value (degrees)

OCD Angle of attack where the wing-body interference factor reaches a
minimum (degrees)

'XW, •T Local angle of attack of wing or tail (x + 8 w or x + 8T, respectively,

in degrees)

6 Control deflection degrees

8 eq Angle between a tangent to the body surface at a given point and
the velocity vector (degrees)

5w, 8T Deflection of wing or tail surfaces (degrees), positive leading edge
up

Circumferential position around body where 4=O is leeward
plane (degrees)

Taper ratio of a lifting surface = ct/cr
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ri Parameter used in SOSET and also used in viscous crossflow
theory for nonlinear body normal force (in this context, it is the
normal force of a circular cylinder of given length-to-diameter
ratio to that of a cylinder of infinite length)

rqo Value.of q in viscous crossflow theory for MN = 0

ao, I'* Viscosity coefficient at stagnation or reference conditions,
respectively (slug/ft-sec)

P, po, P* Density of air at local, stagnation, or reference conditions,
respectively (slugs/ft3 )

y Specific heat ratio

0 Local body slope at a given point (degrees)

A Leading edge sweep angle of wing or tail (degrees)

00 Free-stream conditions

2-D Two dimensional

3-D Three dimensional

3DTWT 3-D thin wing theory

AP81 Aeroprediction 1981

AP93 Aeroprediction 1993

APC Aeroprediction code

GSET Generalized shock-expansion theory

IMNT Improved modified Newtonian theory

MNT Modified Newtonian theory

NASA/LRC National Aeronautics and Space Administration/Langley Re-
search Center

NSWCDD Naval Surface Warfare Center, Dahlgren Division

SE Shock expansion

SOSET Second-order shock-expansion theory

SOTA State of the art
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most configurations; the AP93 code is more robust in terms of accuracy over a broad range of Mach numbers. aneles of attack, and
configuration geometries; the AP93 code gave slightly improved axial-force coefficients; computational time and ease of use were about
the same.

Comparison of the AP93 code to available computations of other state-of-the-art codes shows the AP93 to be as good or superior to
these codes for planar aerodynamics. The new code and associated technology will be available for transition to lepitimate reqne-tlnug
users by September [993 at no charge to the user.
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